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In this research, we report the experimental evidence of the directional Fano resonances at the
scattering of a plane, linearly polarized electromagnetic wave by a homogeneous dielectric sphere
with high refractive index and low losses. We observe a typical asymmetric Fano profile for the
intensity scattered in, practically, any given direction, while the overall extinction cross section re-
mains Lorentzian. The phenomenon is originated in the interference of the selectively excited electric
dipolar and quadrupolar modes. The selectivity of the excitation is achieved by the proper choice
of the frequency of the incident wave. Thanks to the scaling invariance of the Maxwell equations,
in these experiments we mimic the scattering of the visible and near IR radiation by a nanoparticle
made of common superconductor materials (Si, Ge, GaAs, GaP) by the equivalent scattering of a
spherical particle of 18 mm in diameter in the microwave range. The theory developed to explain the
experiments extends the conventional Fano approach to the case when both interfering partitions
are resonant. The perfect agreement between the experiment and the theory is demonstrated.
PACS numbers: 42.25.Hz, 42.25.Bs, 42.25.Fx
Introduction. Despite the light scattering by particles
is rather an old topic, it still remains one of the most
important issues of electrodynamics. Nowadays, the in-
terest in this problem is more pronounced than ever.
On one hand, it is explained by numerous applications
of the phenomenon in nanotechnologies, telecommunica-
tions, medicine, biology and bioengineering, chemistry,
etc. [1]. On the other hand, it is stimulated by the dis-
covery of very unusual properties of the light scattering.
Among them, the anomalous scattering [2] and Fano res-
onances [3, 4] should be mentioned.
The former is achieved at light scattering by particles
with low dissipative losses, so that the radiative damping
becomes the main effect cutting off the amplitudes of the
resonant modes. For small particles, it results in narrow,
well-separated resonance lines with inverted hierarchy, so
that, in contrast to the Rayleigh scattering, the partial
extinction cross section increases with an increase of the
order of the resonance (diplolar, quadrupolar, etc.). The
latter occurs when the scattering wave may be presented
as a sum of two partitions — slowly depending on the
incident wave frequency ω background and sharply de-
pendent resonant. The interference between the two par-
titions gives rise to a typical asymmetric N -shape Fano
line [5]. In both cases, the scattered field amplitude ex-
hibits a sharp dependence on the frequency of the inci-
dent wave ω. It may be effectively employed in numerous
sensors, narrow-line optical filters and other devices.
However, for some applications (especially in telecom-
munications, information processing, optical tweezers,
etc.) it is highly desirable to have the Fano profile for
the intensity scattered in a given direction. Then, a fine
tuning of the frequency of the incident wave may bring
the variation of the wave scattered in this direction from
a very small value to its maximum, while the intensity
scattered in other directions is weakly affected. As a
result, one obtains tuned and controlled redistribution
of the scattered radiation in a desired direction and/or
sharp spatial gradients of the scattered field.
It may be achieved by means of the directional Fano
resonances, theoretically predicted in [6]. These reso-
nances are a manifestation of the conventional Fano res-
onances supplemented by the effects of the anomalous
scattering. The role of a background partition is played
by an off-resonant part of a multipole, while a sharp res-
onance line of another multipole represents a resonant
partition. Since different multipoles have different angu-
lar dependences of the scattered radiation, at a given ω
the Fano conditions may be satisfied along certain direc-
tions only. Regarding the overall scattering intensity, its
profile remains symmetric Lorentzian.
Despite the apparent importance of the phenomenon,
its experimental evidence has not been been obtained
for quite a while. The point is that the initial theory
was developed in [6] for metal particles. Most metals
are very lossy at the optical frequencies. For them, the
discussed effect is suppressed by dissipation. Those which
have low losses (potassium, sodium, etc.) are chemically
aggressive and hardly may have any interest for practical
applications.
At last, the experimental observation of the directional
Fano resonances has been reported in a recent paper [7]
for a “metamolecules” consisting of silicon nanospheres.
However, a number of important questions related to in-
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FIG. 1. (color online) The overall scattering efficiency Qsca
and two first (dipolar and quadrupolar) partial efficiencies at
ε = 17.2 + 0.2i according to the size parameter x.
trinsic, fundamental properties of the directional Fano
resonances at the wave scattering by the simplest ob-
stacle, namely a homogeneous sphere, still remain un-
resolved. These questions are addressed in the present
Letter.
Specifically, we inspect the scattering by a dielectric
sphere with high refractive index (HRI) and low losses.
The selected range of the problem parameters makes
it possible to excite selectively the electric dipolar and
quadrupolar modes, whose interference produces the di-
rectional Fano resonances. We measure the lineshape
of the scattered intensity in a given direction and ob-
tain pronounced typical Fano profiles for, practically, any
scattering angle. We also measure the lineshape of the
net extinction cross section (which in our case is very
close to the scattering one owing to the weak dissipation)
and show that in the frequency range, where the direc-
tional intensities exhibit the Fano profiles, the former is
Lorentzian. Finally, analyzing the exact Mie solution we
explain all the obtained experimental results analytically.
The scaling invariance of the Maxwell equations guar-
antees the identity of the scattering patterns for two geo-
metrically similar obstacles, provided they have the same
dielectric permittivity, magnetic permeability and ratio
of the geometrical size to the wavelength of the incident
wave. It makes possible to simulate the scattering of a
visible light at the nanoscale by the corresponding scat-
tering of microwaves. Then, the problem becomes quite
macroscopic, which allows to avoid difficulties related to
precise measurements at the nanoscale. This approach
has become rather a common and has been employed
already in a number of works, see, e.g., [8–10]. In our
experiments we utilize this concept of microwave analogy
to mimic the light scattering by a nanosphere made of a
common semiconductor.
The problem formulation. The scattering of a plane,
linearly polarized electromagnetic wave by a spatially
uniform spherical particle is an exactly solvable prob-
lem, described by the well known Mie solution [11, 12].
According to it, the scattered field is presented as an in-
finite series of partial waves (multipoles), such as dipole,
quadrupole, etc., while each partial wave itself is a sum of
the so-called electric mode and magnetic mode, respec-
tively. Thus, the scattering efficiency Qsca (the dimen-
sionless ratio of the scattering cross section Csca to the
geometric one piR2, where R stands for the radius of the
sphere) equals:
Qsca =
∞∑
`=1
(
Q
(a)
sac,` +Q
(b)
sac,`
)
.
Here superscripts (a) and (b) designate the electric and
magnetic contributions, respectively. Each partial effi-
ciency, regarded as a function of ω has an infinite se-
quence of the Mie resonances.
The dramatic difference between these resonances for
a particle with refractive index of the order of unity and
those with high refractive index (HRI) is that, in the for-
mer, the resonance lines for different multipoles overlap
substantially. In the latter, the overlap is much weaker.
In our experiments, a homogeneous sphere with a 18 mm
diameter made from a special ceramic is employed [13].
At the working frequencies varying from 4 to 8 GHz,
its complex permittivity, estimated thanks to the proce-
dure described in [14], may be regarded as a constant:
ε = ε′ + iε′′ = 17.2 + 0.2i. This is a typical value for
common semiconductors (Si, Ge, GaAs, GaP) in the vis-
ible and near IR ranges of the spectrum [15]. The corre-
sponding scattering efficiencies, calculated according to
the exact Mie solution, are presented in Fig. 1, where
x = kR is the size parameter, k = 2pi/λ and λ stands for
the wavenumber of the incident wave in a vacuum.
The weak overlap of the resonance lines makes it pos-
sible to excite desired modes selectively. In our recent
study [16], we have taken this opportunity to create tun-
able scattering diagrams. Here we will focus on the area,
marked in Fig. 1 with an oval, where just the two modes:
electric dipolar and quadrupolar make the key contribu-
tion to the overall scattering. It is important that while
at the edges of the marked area, the quadrupolar effi-
ciency is smaller than the dipolar one, in the middle of it,
the case is opposite. In addition, the dipolar mode in this
area is slowly varying (the background partition), while
the quadrupolar mode varies sharply (the resonance par-
tition). Such a behavior provides all the prerequisites for
the manifestation of the directional Fano resonances [6].
Experimental setup and results. For the experimental
study of the phenomenon, we employ the bistatic facil-
ity in the anechoic chamber of the Centre Commun de
Ressources en Microondes (CCRM). Our measurement
protocol is rather common in the radar cross section ex-
periments, with the measurement of a reference target,
a background subtraction and a software time gating.
The measurement are performed with the emitting and
3receiving antennas both located in the azimuthal plane.
These two horn antennas are linearly polarized and two
polarization cases are measured, with either the emitter
and the receiver polarization vectors parallel (P) to the
scattering (azimuthal) plane or perpendicular (S) to it. A
more detailed description of the facility and of its perfor-
mances can be found in [9, 14, 17, 18]. Such performances
are rendered possible thanks to the two main items that
should be pointed out in our measurement protocol.
First, we employ the large angular range of our mea-
surements (see Fig. 2) to enhance the post-processing
data treatment. Since the scattered field is obtained from
the difference between the two fields: the net field mea-
sured by the receiver, when the scattering sphere is situ-
ated in the chamber, minus the incident field measured,
when the sphere is removed, the result is very sensitive to
any kind of disturbances (e.g., the drifts, which necessar-
ily appear during the measurements, etc.). To compen-
sate them, we take the advantage of the angular spectral
properties of the scattered field [19] in the post-processing
step [20].
Second, as our measurements are referenced using a
perfectly known target, they are calibrated so, that the
presented values are all quantitative, obtained in the di-
mensional units, in contrast to the conventional experi-
ments in this field, whose results are presented in arbi-
trary units. It makes possible to compare our measure-
ments with the calculations based on the exact Mie so-
lution quantitatively, while in the conventional approach
only the lineshapes may be compared.
Once the calibration and the post-processing treat-
ment of the complex measured scattered field have been
done, the extinction cross section may be obtained by
means of the optical theorem [11]. To this end, we ex-
tract from the amplitude and phase of the electric field
its value in the exact forward direction [21]. The for-
ward zone is one of the most difficult angular range, if
the measurement accuracy is a concern: In that range,
the receiving antenna is blinded by the primal irradia-
tion while the scattering field amplitude is very small.
In the ±20◦ forward zone and in the selected range of
size parameter, the magnitude of the scattered field is on
average only 1% of the actual measured field.
The results of these measurements and their compar-
ison with the Mie solution are shown in Fig 3. The ex-
tinction cross section may be independently extracted
from the forward scattering with any of the two polar-
izations. We have over-plotted the two independently
extracted values, demonstrating the very good repro-
ducibility of our measurements. A pronounced set of the
Fano profiles with various values of the asymmetry pa-
rameter as well as the excellent quantitative agreement
between the theory and experiment are seen straightfor-
wardly. Note that the extinction cross section has almost
perfect Lorentzian shape. A small secondary maximum
noticeable at x ≈ 1.37 corresponds to the resonance exci-
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FIG. 2. (color online) Angular variations of the magnitude
of the scattered electric field in the S polarization case. (a)
Simulation according to the exact Mie solution. (b) Experi-
mentally measured.
tation of the magnetic quadrupolar mode and has noth-
ing to do with the discussed matter.
Discussion. To understand the obtained results, we
have to remember that, in the specified range of the size
parameter, just the two modes: the electric dipolar and
the quadrupolar one, make the key contribution to the
scattered intensity. In this case, in the far zone, the in-
tensity, scattered at a given angle θ and polarized perpen-
dicular to the scattering plane is given by the following
expression [11]:
IS ≈
(
λ
2pir
)2
|eB1|2|1 + f(x) cos θ|2, (1)
where r is the distance from the scatterer to the obser-
vation point in the spherical coordinate frame, whose
origin coincides with the one of the scattering sphere,
f(x) stands for −3i(eB2/eB1) and the complex quanti-
ties eB1,2 (the electric dipolar and quadrupolar coeffi-
cients, respectively) are expressed in terms of x and the
complex refractive index mˆ = n + iκ ≡ √ε through the
Riccati-Bessel functions. The corresponding expressions
are cumbersome [11], and will not be presented here.
41.2 1.25 1.3 1.35 1.4
0
1
2
3
4
5
6
7
8
10
5  
x 
In
te
ns
ity
 (V
/m
)2
a) 18 mm diam. sphere eps=17.2+0.2i (Sim. S)
 
 
 
 
0
0.2
0.4
0.6
0.8
1
1.2
10
3  
x 
E
xt
in
ct
io
n 
cr
os
s 
se
ct
io
n 
(m
2 )
x
 
C
ext
0°
10°
20°
30°
40°
50°
60°
70°
80°
90°
100°
110°
120°
130°
4.1 4.2 4.3 4.4 4.5 4.6 4.7
Wavelength (cm)
1.2 1.25 1.3 1.35 1.4
0
1
2
3
4
5
6
7
8
b) 18 mm diam. sphere eps=17.2+0.2i (Mes. S)
 
 
x
10
5  
x 
In
te
ns
ity
 (V
/m
)2
 
 
0
0.2
0.4
0.6
0.8
1
1.2
10
3  
x 
E
xt
in
ct
io
n 
cr
os
s 
se
ct
io
n 
(m
2 )
 
C
ext
(S)
C
ext
(P)
0°
10°
20°
30°
40°
50°
60°
70°
80°
90°
100°
110°
120°
130°
4.1 4.2 4.3 4.4 4.5 4.6 4.7
Wavelength (cm)
FIG. 3. (color online) The intensity of the wave in the S polar-
ization scattered by the sphere in the azimuthal plane along
the angle θ, [IS(x, θ)] and the extinction cross section Cext(x).
(a) Simulation (Sim.) according to the exact Mie solution.
(b) Experimentally measured (Mes.); Cext(x) is measured for
both polarizations independently. An increase in θ results in
a monotonic decrease of the local maximum in the vicinity
of x = 1.32 until at θ = 90◦ it vanishes. Further increase in
θ transforms it into a local minimum, whose value continues
to decrease with an increase in θ. The case with the local
minimum in the vicinity of x = 1.36 is opposite.
Now note, that the partial scattering efficiencies are
proportional to the square of the modula of the corre-
sponding scattering coefficients [12]. Then, as it follows
from Fig. 1, at 1.28 ≤ x ≤ 1.38 the quantity |eB1|2 may
be regarded as a constant with quite a reasonable accu-
racy. In this case, in the specified segment dependence,
IS(x, θ) is practically entirely determined by the product
f(x) cos θ. On the other hand, in the discussed range
of variations of x, the complex quantity f(x) exhibits a
typical resonant behavior, see Fig. 4, and may be approx-
imated by the expression
f(x) ≈ A (Γ/2)e
iφ0
(x− xres) + i(Γ/2) . (2)
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FIG. 4. (color online) Modulus (blue solid lines) and phase
(red, dashed lines) of complex function f(x) ≡ −3i(eB2/eB1)
at ε = 17.2 + 0.2i calculated according to the exact Mie solu-
tion (thick lines). Its fit by approximation (2) is shown with
the corresponding thin lines.
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FIG. 5. (color online) I according to Eq. (3) for θ vary-
ing from 0 to 130◦ with the step in 10◦ as a function of x,
cf. Fig. 3.
The values of the fitting parameters employed to ob-
tain Fig. 4 are as follows: A = 1.7669, Γ = 0.034,
φ0 = 2.379, xres = 1.331.
The substitution of Eq. (2) into Eq. (1) yields the fol-
lowing profile for the scattered intensity:(
2pir
λ|eB1(xres)|
)2
I
S
≈ I ≡ (+ q)
2
2 + 1
+
(1 + q tanφ0)
2
2 + 1
,
(3)
where  ≡ 2(x− xres)/Γ, q ≡ A cosφ0 cos θ.
Thus, the obtained profile is a superposition of the con-
ventional Fano line [4] (the first term in the right-hand-
side of Eq. (3) and the Lorentzian profile (the second
term). It is important to note that, while the positions of
the extrema of the Fano profile (the minimum at  = −q
and maximum at  = 1/q) depend on the scattering an-
gle, the position of the maximum of the Lorentzian line
is fixed at  = 0. It means that, by varying θ, we may
vary the distance between the minimum of the Fano pro-
file and the maximum of the superimposed Lorentzian
5one, controlling the sharpness of the corresponding part
of I. This additional way to control the lineshape may
be extremely important for applications of the discussed
effects in sensors and similar devices.
To illustrate the description of the actual lineshapes
by the approximation (3), the corresponding profiles for
θ varying from 0 to 130◦ with a 10◦-step (the same range
and sampling as those in Fig. 3) are presented in Fig. 5.
The values of the fitting parameters are the same as those
employed to plot Fig. 4. For easier comparison of Figs. 3
and 5, I in the latter is plotted as a function of x. The
slower decay of the right wins of the lines in Fig. 5 rel-
ative to that in Fig. 3 is explained by the departure in
this range of approximation (2) for f(x) from the actual
profile, obtained from the Mie solution. Apart from this
point, the agreement between the two sets of figures is
quite impressive.
As for the shape of the net scattering cross section, the
latter is a sum of positive contributions of every partial
ones. In turn, the partial cross sections are proportional
to the squares of the modula of the corresponding scat-
tering coefficients [12]. In the discussed range of varia-
tions of the size parameter, just two coefficients: eB1 and
eB2 make the overwhelming contribution to the net cross
section. Moreover, we have shown that, in this range,
|eB1|2 may be regarded as a constant, while |eB1|2 has a
Lorentzian shape, see Figs 1, 4. These arguments guar-
antee the Lorentzian shape of the net scattering cross
section in the discussed domain of variations of x. The
same is true for the extinction cross section since the dif-
ference between the two is negligibly small owing to the
weak dissipation.
Conclusions. In this Letter, (i) thanks to the mi-
crowave analogy principle, we have mimicked the scatter-
ing of a plane linearly polarized light in the visible and
near IR range by a homogeneous nanosphere made of a
common semiconductor with the scattering of a macro-
scopic sphere made of a special ceramic. (ii). This ap-
proach makes it possible to obtain detailed experimental
results on the dependences of the scattering intensity on
the scattering angle and the size parameter as well as the
lineshape for the net extinction cross section. (iii) We
have found such a range of the size parameter where just
the two modes: electric dipolar and quadrupolar make
the overwhelming contribution to the net scattering cross
section and shown that the interference of these two par-
tial waves gives rise to the directional Fano resonances.
At the same time the lineshapes of the net extinction and
scattering cross sections in this range remain Lorentzian.
(iv) We have obtained a simple analytical expression for
the lineshape of the intensity scattering along any given
direction and shown that it consists of two superimposed
profiles. One of them occurs the conventional Fano pro-
file, while the other is Lorentzian. (v) For the Fano pro-
file, the values of the extrema and their positions both
depend on the scattering angle, while for the Lorentzian
profile only the value of its maximum depends on this
quantity, while its position is fixed. It provides addi-
tional opportunities to tailor and engineer the lineshape
by varying the scattering angle. The latter may be im-
portant for practical applications of the discussed effects
in sensors and analogous devices.
Acknowledgements This research has been supported
by MICINN (Spanish Ministry of Science and Innovation,
project FIS2013-45854-P). We also acknowledge the op-
portunity provided by the Centre Commun de Ressources
en Microonde to use its fully equipped anechoic chamber.
∗ E-mail: tribelsky@mirea.ru
[1] M. I. Mishchenko, L. D. Travis, A. A. Lacis, Scattering,
Absorption, and Emission of Light by Small Particles,
(Cambridge University Press, Cambridge, 2002).
[2] M. I. Tribelsky, B. S. Luk’yanchuk, Phys. Rev. Lett. 97,
263902 (2006).
[3] B. Lukyanchuk, N. I. Zheludev, S. A. Maier et al, Nat.
Mater., 9, 707 (2010).
[4] A. E. Miroshnichenko, S. Flach, Yu. Kivshar, Rev. Mod.
Phys. 82, 2257 (2010).
[5] U. Fano, Phys. Rev. 124, 1866 (1961).
[6] M. I. Tribelsky, S. Flach, A. E. Miroshnichenko et al,
Phys. Rev. Lett. 100, 043903 (2008).
[7] J. Yan, P. Liu, Z. Lin et al, ACS Nano 9, 2968 (2015).
[8] R. Vaillon, J-M. Geffrin, J. Quant. Spectrosc. RA 146,
100–105 (2014).
[9] J-M. Geffrin, B. Garc´ıa-Ca´mara, R. Go´mez-Medina et al,
Nat. Comm. 3, 1171 (2012).
[10] M. Rybin, D. Filonov, K. Samusev et al, Nat. Comm. 6,
10102, 2015.
[11] M. Born, and E. Wolf Principles of Optics (Cambridge
University Press, 1999).
[12] C. F. Bohren, D. R. Huffman, Absorption and Scattering
of Light by Small Particles (Wiley Verlag, 1998).
[13] Eccostock-HIK from Emerson and Cuming.
http://www.eccosorb.com/
[14] C. Eyraud, J-M. Geffrin, A. Litman et al, IEEE Antennas
Wireless Propag. Lett. 14(1), 309–312 (2015).
[15] A. R. Forouhi, I. Bloomer, Phys. Rev. B 38(3),1865–1874
(1988).
[16] M. I. Tribelsky, J-M. Geffrin, A. Litman et al, , Sci. Rep.
5, 12288 (2015).
[17] J-M. Geffrin, C. Eyraud, A. Litman et al, Radio Science
44(2), RS2007 (2009).
[18] J-M. Geffrin, C. Eyraud, A. Litman, IEEE Microw. Com-
pon. Lett. 25(7), 472–474 (2015).
[19] O. M. Bucci, G. Franceschetti, IEEE Trans. Ant. Propag.
35, 1445–1455 (1987).
[20] C. Eyraud, J-M. Geffrin, A. Litman et al, Appl. Phys.
Lett. 89, 244104 (2006).
[21] C. Larsson, C. Sohl, M. Gustafsson et al, EuCAP Proc.,
3633–3636 (2009).
